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a b s t r a c t
Rapid thermal processes are used in various key stages in the microelectronics industry. In this study, the
heat transfer in a rapid thermal system is modelled with the ﬁnite volume method. The inﬂuence of the
radiative properties of the quartz window on the thermal proﬁle of the silicon wafer is ﬁrst investigated.
The obtained temperatures are interpreted by analyzing the radiative properties according to wavelength
and temperature. The wafer temperature proﬁle for a non-optimized heating in steady-state is explained
by a four-phase scheme where the radiative heat ﬂuxes are depicted. From this scheme, a ﬁlter on the
underside of the quartz window is envisaged to achieve temperature uniformity for the wafer. Two
conﬁgurations are tested, one where the ﬁlter covers the entire lower surface of the quartz window and
another where it is placed in a ring close to the reactor wall to conﬁne the infrared radiations with
wavelengths beyond 2.6 mm in order to raise the temperature at the edge of the wafer. Simulations
demonstrate that the latter modiﬁcation enables a more signiﬁcant improvement of the wafer tem-
perature homogeneity with less than 1% dispersion. The implementation of the ﬁltering window is also
discussed.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Rapid thermal processes (RTP) have been widely used in the
manufacturing of microelectronic components. They are performed
in different key stages such as annealing (ion implantation, dopant
activation), oxidation or silicidation [1e3]. In the 1980s, the use of
conventional furnaces started becoming a hindrance to the mini-
aturization of components due to their excessive inertia. Hence
rapid thermal processes for which heating is provided by tungsten
halogen infrared lamps and where the reactor wall is reﬂective and
maintained at low temperature emerged to ensure precise heat
treatments in the range of seconds or minutes [4,5]. The stringent
requirement of less than 1 C variation across the wafer (silicon
substrate) enables to guarantee quality and long-term stability of
the devices [6]. Many efforts have been attempted for the last 25
years to reach this requirement (Table 1) [7e14], but the
Abbreviations: CFD, computational ﬂuid dynamics; DARTS, direct approach us-
ing ray tracing simulation; DTM, discrete transfer method; RTA, rapid thermal
annealing; RTCVD, rapid thermal chemical vapour deposition; RTO, rapid thermal
oxidation; RTP, rapid thermal process; SISO, single input single output; TCO,
transparent conducting oxide.
* Corresponding author.
E-mail address: pierre-olivier.logerais@u-pec.fr (P.-O. Logerais).
Contents lists available at ScienceDirect
Applied Thermal Engineering
journal homepage: www.elsevier .com/locate/apthermeng
http://dx.doi.org/10.1016/j.applthermaleng.2014.12.013
1359-4311/© 2014 Elsevier Ltd. All rights reserved.
Applied Thermal Engineering 77 (2015) 76e89
achievement of a uniform temperature at the surface of wafer still
remains a challenge. The task becomes more and more difﬁcult
with the very tight thermal budgets of short processes like spike
annealing and the increase of wafer diameters to fulﬁl the growing
market demands [15].
Uniform temperature at the wafer surface is hard to obtain due
to harsh power tuning of halogen infrared lamps, to the presence of
edge effects for thewafer and to thermal gradients generated by the
cold reactor wall [16,17]. Other effects are the convection in the
reactor and not sufﬁciently high reﬂectivity of the reactor wall. An
important constraint is the elevation of the temperature of the
quartz window which acts on the distribution of the wafer tem-
perature [18,19]. Moreover, contamination, aging, stability and
placement of the wafer can also have an impact on the wafer
temperature uniformity.
Various solutions have been deeply studied to obtain uniform
wafer temperature as listed in Table 1, but they don't enable to
achieve perfect temperature homogeneity and they usually remain
very stringent [20]. Heating by several groups of lamps controlled
separately allows getting uniform temperature at the surface of the
wafer [9,10,21,22]. However, the mastering of the piloting requires a
very thorough preliminary optimization and aging of the lamps is
accelerated for the ones supplied with higher power. Rotating the
wafer allows to homogenize the temperature circularly but the
temperature difference between the centre and the edge of the
wafer stays unchanged [9,23,24]. Using a susceptor enables to get a
better temperature homogeneity [25], nevertheless the addition of
a susceptor has the drawback of reducing the rapidity of the heating
because thermal inertia becomes more important. The use of a
guard ring placed around the silicon substrate permits to reduce
edge effects [26]. It has several inconveniences like difﬁcult
handling of the wafers during loading, augmentation of the reactor
size and deposition on the ring which enhance the risk of
contamination of thewafers. A diminution of thewafer temperature
differences is also obtained by increasing the reﬂectivity of the wall
of the reactor to direct the radiations towards the wafer edge [6,27].
Numerical modelling has proved to be a precious aid to identify,
depict and quantify the heat and mass transfers in processes. It
permits to diminish the number of experimental trials and to
investigate on the sensitivity of parameters. Radiative heating of
the silicon wafer has been numerically modelled by different
methods with the aim of better understanding and uniforming the
wafer temperature in RTP systems. Solutions of the energy balance
equation for the wafer have been determined in numerous studies
by calculating view factors between the lamp array divided in
heating zones and wafer slices. The solutions are either used to
optimize the design of the reactor chamber [28e30] or to predict
the lamp power to supply in order to control the transient evolution
of the wafer temperature [12,13,31]. To simulate the solution of the
radiative heat transfer from the tungsten ﬁlament halogen lamps to
the silicon wafer, ray tracing methods have been implemented. A
direct approach model using the three-dimensional ray-tracing
simulation (DARTS) was developed by Habuka et al. [32]. The paths
of the infrared rays emitted from the lamps are traced following
reﬂections at the surface of the specular reﬂectors until they reach
the silicon wafer. The absorbed ray intensities calculated for the
silicon wafer have been related to measured temperatures of the
silicon wafer with the StefaneBoltzmann law and heat losses
caused by the reﬂective wall have been quantiﬁed. Discrete transfer
methods (DTM) which consist in discretizing the solid angle into
ray directions allow to take into account spectral, specular or
diffuse properties of surfaces to display a solution to the radiation
transport equation [33,34]. Ray tracing with Monte Carlo statistical
method enables to take into consideration most of the radiation
phenomena by describing the radiative heat exchange by means of
a matrix whose coefﬁcients depend on the disposition of one sur-
face to the other and on the spectral and temperature radiative
properties, namely the emission and the reﬂection ones (partially
or totally specular or diffuse). The main advantages regarding other
approaches is the faithful restitution of diffuse character of surfaces
and also the following of elevated number of representative rays
[35e37]. The radiative heat transfer resolution must be coupled
with the conductive and convective heat transfer solving. The ﬁnite
volume method is well suited for this coupling as it is robust to
solve conservation relations. The partial differential equations are
indeed integrated on each control volume and the integral of the
divergence term is converted to a surface integral. Fluxes are then
evaluated at the interfaces between adjacent ﬁnite volumes. As the
ﬂux entering a given volume is equal to the outward one, the
conservation is excellently accounted for.
In the present study, the heating of the siliconwafer by tungsten
ﬁlament halogen infrared lamps is investigated by utilizing a
Computational Fluid Dynamics (CFD) approach. In a previous study,
a rapid thermal equipment had been modelled and validated [38].
Table 1
Evolution of the wafer temperature uniformity obtained in laboratory.
Process Wafer Temperature Reference and date
Diameter Thickness Set point Deviation
RTA 150 mm 675 mm 1100 C ±2.8 C Keenan et al., 1991
RTP with control system 100 mm 525 mm 400e900 C ±5 C Schaper et al., 1991
RTA
with lamp power correction
200 mm 725 mm 1000 C ±2.4 C
±1.2 C
Gluck et al.
1999
RTA
substrate rotation
lamp power correction
300 mm 775 mm 1000 C ±10.4 C
±5.0 C
±1.3 C
RTP with control:
multivariable 33
200 mm 725 mm 600 C
700 C
800 C
900 C
1000 C
±0.358 C
±0.535 C
±0.751 C
±1.004 C
±1.287 C
Huang et al.
2000
RTO 100 mm 525 mm 950e1010 C ±10 K Biro et al., 2002
Optimal design of RTP equipment 300 mm 775 mm 898 ±4.4 C Kim 2002
RTP predictive model control 200 mm 725 mm 700 C ±2 C Dassau et al., 2006
Spike annealing with control: 150 mm 675 mm 1000 C Jeng et al., 2013
SISO ±29 C
multivariable 22 ±10 C
multivariable 33 ±2.5 C
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The ﬁrst numerical simulations enabled to show that the presence
of the quartz window and its low diffusivity largely conditions the
shape of the temperature proﬁle of the silicon wafer [19,39,40].
Hereafter, numerical simulations are carried out using the validated
model to better understand the radiative heat exchanges between
the heated wafer and the quartz window. For this purpose, the
radiative properties of the wafer are modiﬁed and simulations of its
heating are performed for each modiﬁcation. The shape of the
temperature distributions of the silicon wafer and the one of the
quartz window are explained with an analysis of the radiative
properties of participating surfaces. The analysis is extended to
offer solutions to acquire wafer temperature uniformity. The
effectiveness of the proposed solutions is discussed based on nu-
merical simulations integrating the modiﬁcations. Lastly, the
feasibility is shown with technical considerations from literature.
2. Modelling
2.1. Rapid thermal system
The modelled rapid thermal system is the one of an equipment
type AS-150 marketed by the company AnnealSys (Montpellier,
France). It enables to perform annealing, oxidation, diffusion, sili-
cidation and nitridation [41]. The two-dimensional model with the
computational domain is shown in Fig. 1. The furnace contains a
bench of eighteen tungsten ﬁlament halogen infrared infrared
lamps. The reactor is of cylindrical shape and its wall is kept cooled
at 300 K by a water ﬂow. A silicon wafer of 150 mm diameter (6
inches) and 500 mm thickness is placed in the reactor on three
quartz pins. A quartz window seals the reactor and lets the infrared
radiations from the tungsten halogen lamps around 1 mm wave-
length pass through in order to heat the silicon wafer. A gas
pumping system is used to maintain the gas in the reactor at
reduced pressure. A panel permits to control the injection and the
exhaust of gases. In our case, the silicon wafer is placed in a ni-
trogen atmosphere at a pressure of 300 Pa.
2.2. Equations
The conservation equations that govern heat and mass transfers
are solved with the ﬁnite volume method [42]. The conservation
equations are integrated over each control volume of the domain.
The grid is regular as depicted in Fig. 1. The grid conﬁguration in-
cludes a sufﬁcient number of balanced square shape control vol-
umes, which is well suited for the ﬁnite volume resolution. 94% of
the 4598 control volumes are of square shapewith a side of 2.5 mm
to limit both the errors of discretization and the ones of rounding of
the digital resolution. This size also enables to have acceptable
computational times. Besides, the injection part and the wafer are
slim and adapted control volumes permit to ensure precise velocity
and temperature distributions.
The mass conservation equation and the momentum conser-
vation equation in the steady-state for cylindrical coordinates are
respectively given by expressions (1) and (2):
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The heat transfer is calculated by solving the energy conserva-
tion equation (3) in steady-state:
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in which E is the total speciﬁc energy deﬁned by the following
expression (4):
E ¼ eþ 1
2
v2 (4)
Radiative heat exchanges are simulated using the Monte Carlo
method whose principle is to follow the fate of packets of photons
emitted by the various internal surfaces [43]. The rays emitted by a
surface are traced until they are absorbed by the same surface or
another one. Surfaces are discretized in “patches”. The radiative
heat ﬂux for a patch i is the result of incident radiation from all
other patches j and from its own emission:
Qi ¼ qiAi ¼
XNS
j¼1

Mij  dijεj

sT4j Aj (5)
The found solution is reported in the source term Se of the en-
ergy transfer equation (3) in order to combine radiative, convective
and conductive heat transfers to determine the temperature dis-
tribution on the overall domain.
A packet of photons emitted from a patch i is either reﬂected or
transmitted by the different encountered bodies before being
absorbed. Each of these events depends on the wavelength of the
beam, its direction of propagation, the orientation of the surfaces
and their temperatures. The radiative properties can be deﬁned by
knowing the complex refractive indices of the materials:
~nl ¼ nl  ikl (6)
For many materials, the complex index of refraction depends on
the temperature T and can be expressed in a polynomial form:
(
nl ¼ n0 þ n1qþ n2q2 þ n3q3
kl ¼

k1 þ k2qþ k3q2
	
$exp½k0q (7)
where n0, n1, n2, n3, k0, k1, k2 and k3 are the coefﬁcients of mono-
mials and q ¼ T  300ð Þ=1000 is the reduced temperature.Fig. 1. Modelling of the rapid thermal equipment with the computational domain.
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Absorptivity, emissivity, reﬂectivity and transmissivity are
calculated for the surfaces of semi-transparent parallel solids (sil-
icon substrate, quartz window, quartz bulb of infrared lamps) and
for opaque surfaces (reactor wall, tungsten ﬁlament, injection and
exhaust of gases). In the case of semi-transparent solids, the ab-
sorption is assumed constant in the whole bulk. The spectral
transmissivity tl between two points x and y depends on the dis-
tance traversed through the material but not on the direction:
tl ¼ e4pkljxyj=l (8)
The spectral reﬂectivity rl is calculated with the Fresnel
formulae:
rl ¼
1
2


tan2ðq1  q2Þ
tan2ðq1 þ q2Þ
þ sin
2ðq1  q2Þ
sin2ðq1 þ q2Þ

(9)
in which q1 is the incidence angle and q2 is the refraction angle.
When a refracted incident ray passes from a dielectric medium
having a refractive index nl to another one with refractive index n0l,
both the angles are related by the Snell law:
nl sin q1 ¼ n0l sin q2 (10)
Knowing tl and rl, the absorptivity al is deduced:
al ¼ 1 rl  tl (11)
The total hemispherical absorptivity aq,l is equal to the total
hemispherical emissivity εq,l (Kirchhoff's law), so for awavelength l
and for an angle q at equilibrium:
aq;l ¼ εq;l (12)
In the case of opaque surfaces, especially metal surfaces, the
reﬂectivity is deduced from the Fresnel relations:
rl;q ¼
1
2
 
ðnl cos q 1Þ2 þ ðkl cos qÞ2
ðnl cos qþ 1Þ2 þ ðkl cos qÞ2
þ ðnl  cos qÞ
2 þ k2l
ðnl þ cos qÞ2 þ k2l
!
(13)
Since the transmissivity tl ¼ 0, the absorptivity and the total
hemispherical emissivity are equal to:
aq;l ¼ εq;l ¼ 1 rl;q (14)
A beam contains billions of photons, therefore the calculations
have to be restricted to a limited number of photons which have to
be representativewith perfectly randomized trajectories in the case
of diffuse properties. Bundles of photons are then considered with
attributed emission point, direction and wavelength. These char-
acteristics are determined by using the spectral distribution of the
emissive power. To determine for example the wavelength, the
distribution of the emissive power is divided into N energy packets,
each one of them deﬁned for a wavelength domain between 0 and
l. The probability that a photon bundle has a wavelength between
0 and l is given by the cumulative distribution function:
RlðlÞ ¼
Zl
0
PðlÞdl ¼
Z l
0
EldlZ ∞
0
Eldl
(15)
The cumulative distribution function Rl varies between 0 and 1.
This way, randomly generating Rl is possible and representative. By
inverting equation (15), for a value Rl0(l,), a wavelength l0 is ob-
tained. By performing random draws for numerous values of Rl(l),
drawn numbers between 0 and 1, a set of representative wave-
lengths is obtained by the inverse function R1l . The other charac-
teristics of the photon bundle are generated by inverting the
associated cumulative distribution function. First, the coordinates
of the emission points are determined, then the wavelength and
the emission direction. Thus, the random character of the diffuse
emission or reﬂection can be modelled. Once a packet of photons
reaches a point of a surface, it is either absorbed, reﬂected or
transmitted. The ray tracing and the intersection points with a
surface are determined using the scalar product of a normal vector
to the surface with a vector having the direction of the photon [44].
2.3. Properties
The solving of equations (1)e(3) requires the volume properties
(density, speciﬁc heat capacity and thermal conductivity) of the
tungsten ﬁlament, the quartz of the lamp bulb and of the window,
the air in the furnace and the nitrogen in the reactor. These prop-
erties with their temperature dependence are all deﬁned in
Ref. [38]. For the silicon wafer, the density is of 2329 kg m3. The
speciﬁc heat capacity and the thermal conductivity of silicon are
provided according to temperature in Fig. 2 [45,46]. The initial
temperature of the system is of 300 K. The boundary conditions
with the radiative properties of each surface to calculate relation (5)
are indicated in Table 2.
3. Numerical simulations
Numerical simulations of the rapid thermal system are per-
formed using CFD'Ace software [47,48]. The properties of each
surface in Table 2 are listed in a “patch” ﬁle in which all the co-
efﬁcients of the monomials of equation (7) are stored according to
wavelength (one hundred values between 0.1 mm and 100 mm). One
ﬁle is assigned to the solver for each boundary condition. The
emission of 5 million rays is interesting to have a sufﬁcient number
of photons for each patch. There cannot be more patches than
adjacent cells to a surface and a compromise must be found be-
tween the patch size and a sufﬁcient number of traced rays reaching
the patch in order to determine accurately the radiative ﬂuxes. The
number of patches has been optimized for the wafer surface (30
patches) to dispose of accurate temperature distributions.
Ray tracing is performed to simulate the radiative heat exchange
given by equation (5). The balance of radiative ﬂuxes is determined
for all the control volumes until the global equilibrium of heat
ﬂuxes is reached, in other words, when the residue is reduced by
four orders of magnitude of the initial value or more. It is necessary
to restart a release of 5 million rays every 400 iterations to have
enough traced rays in the numerical solving of conservation
equations. Resolution takes 15 min (about 1200 iterations) for a
simulation in the steady-state case performed with a calculating
unit of 1 GB RAM which is adequate for ray tracing of the Monte
Carlo method and integration of each conservation equation on
each control volume. Concordance with experimental results and
3D model was shown in Ref. [38].
We deliberately consider the case where the lamp heating is not
optimized in steady-state in order to dispose of the biggest spatial
temperature variations for the wafer and therefore grasp the
sensitivity of the modiﬁed parameter. The calculations are per-
formed for different lamp heating powers (10e30%) in the steady-
state. As the aim is to better understand the radiative heat exchange
between the silicon substrate and the quartz window, numerical
simulations are ﬁrst carried out by changing the radiative property
of the substrate. The four treated cases are shown in Table 3 which
indicates the magnitudes of the emissivity, the absorptivity and the
reﬂectivity.
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4. Temperature proﬁles
4.1. Analysis
The temperatures at the centre of the quartz window and at the
centre of the substrate were taken according to the lamp heating
power (Fig. 3). The substrate and the window are the hottest in the
case where the substrate has the property of a blackbody. The
temperatures of the substrate and of the quartz window depend on
the absorptivity and on the emissivity of the substrate. The more
they are important, the higher the temperatures get [17]. Thus, the
quartz window is heated by the radiations emitted by the substrate.
When the substrate has the property of a perfect reﬂector, its
temperature is of about 520 K. As the substrate reﬂects on the
entire spectral range, we were expecting to obtain a temperature
close to 300 K. The substrate is indeed heated by convection
because there is hot nitrogen in the reactor. The temperature of the
quartz window is higher than in the case of silicon when the
reﬂectivity of the substrate is of 100% for all thewavelengths. When
considering the absence of substrate, the radiations reﬂected by the
reactor wall towards the quartz window are absorbed by the latter
which results in its temperature raise. Nevertheless, the increase in
temperature is less important than in the case of a perfectly
reﬂective substrate because the reactor wall absorbs one part of the
radiations (absorptivity of 0.25).
4.2. Explanation
The radiative properties of surfaces according to wavelength are
analyzed with more details to explain the effect of the substrate
emissivity and reﬂectivity on the temperature of the quartz win-
dow, and the one of the reactor wall. Fig. 4 shows these properties
at normal incidence [49], the values remaining almost similar for
oblique incidences.
The case for which the substrate has the radiative properties of
the blackbody and the one for which it has the ones of silicon are
Fig. 2. Speciﬁc heat capacity and thermal conductivity of silicon wafer [45,46].
Table 2
Boundary conditions.
Surface Type Radiative property Temperature
Filament (lamp) Wall Tungsten According to power
Bulb Interface Quartz 300 K < T < 1500 K
Window Interface Quartz 300K < T < 1500 K
Wafer Interface Silicon 300K < T < 1500 K
Furnace Wall Stainless steel 573 K
Reactor Wall Stainless steel 300 K
Injection Inlet Blackbody 300 K
Exhaust Outlet Blackbody 300 K
Table 3
Magnitude of radiative properties of the substrate.
Case 1 2 3 4
Without wafer
(reactor wall)
Silicon Perfect
reﬂector
Blackbody
Emissivity εq,l
¼ absorptivity aq,l
0.25 0.7 0 1
Reﬂectivity rl 0.75 0.3 1 0
Fig. 3. Temperature at the centre of the quartz window (a) and at the centre of the
substrate (b) according to the lamp heating power.
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ﬁrst confronted. When the substrate has the property of a black-
body, it absorbs all the radiations emitted by the tungsten halogen
lamps that it receives. Hence it becomes hotter than in the case of
the silicon substrate for which the absorptivity is of 0.7. The hot
blackbody substrate emits over the entire spectral range, emissivity
of 1 against 0.7 for silicon. The quartz window absorbs strongly for
wavelengths beyond 2.6 mm. It is therefore heated by the radiations
emitted by the substrate with wavelengths beyond 2.6 mm. The
temperature of the quartz window is higher in the case of the
substrate having the characteristics of a blackbody because of its
more important emission. The temperature of the quartz window
depends on the emissivity of the substrate.
The case without substrate and the one where the substrate is
perfectly reﬂective are compared hereafter. The quartz window
absorbs with a small percentage, about 5%, the radiations centred at
around 1 mmwavelength emitted by the tungsten halogen lamps. It
absorbs in the same proportion the reﬂected radiations by the
reactor wall. As the calculations were carried out for the steady-
state case, for an inﬁnite assumed time, the quartz window had
sufﬁcient time to absorb radiations to reach a high stabilized
temperature. The temperature of the quartz window is higher
when the substrate is perfectly reﬂective because the latter returns
more radiations than in the case where there is no substrate. The
reactor wall has a smaller reﬂectivity (0.75). The rest of the radia-
tions are absorbed (absorptivity of 0.25), but the emitted ﬂux is low
because the temperature is of 300 K. The silicon substrate reﬂects
30% of the radiations it receives from the tungsten halogen lamps
and the quartz window absorbs with a nether coefﬁcient of 5% but
for a sufﬁcient time to elevate its temperature. Deﬁnitely, the ra-
diations centred at around 1 mm wavelength provided by the
tungsten halogen lamps which are reﬂected by the substrate heat
the quartz window as well.
4.3. Heat transfer scheme
Using the previous conclusions, the shape of the temperature
distribution for the silicon wafer and the quartz window in steady-
state can be explained with a four-phase scheme (Fig. 5). The
temperature proﬁles in the scheme are represented in a relative
way:
8>><
>>:
Ts;rel ¼
TsðrÞ  Ts;edge
Tsðr ¼ 0Þ  Ts;edge
Tqw;rel ¼
TqwðrÞ  Tqw;edge
Tsðr ¼ 0Þ  Tqw;edge
(16)
The r coordinate corresponds to the radial position at the surface
of the wafer and at mid height of the quartz window. The reference
r ¼ 0 is taken at the centre of the wafer and at the one of the quartz
window. The orientation is indicated in Fig. 1. The index “s” for
substrate is preferred to “w” for wafer not to mix up with the no-
tation “qw” of the quartz window.
- Phase 1
The tungsten halogen lamps emit a radiative heat ﬂux centred at
around 1 mmwavelength which is 95% transmitted through the
quartz window.
- Phase 2
The radiative heat ﬂux is 70% absorbed and 30% reﬂected by the
silicon wafer. The latter emits on the whole infrared domain
(emissivity of 0.7). The emitted ﬂux is directed towards the
quartz window and the wall of the reactor at 300 K. The net heat
ﬂux exchanged between the edge of the hot wafer and the wall
Fig. 4. Radiative properties of tungsten of halogen lamps (a), of quartz window (b), of silicon substrate at 1000 K (c) and of stainless steel of the wall (d).
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at 300 K is important. Thewafer temperature is lower at its edge
than at its centre because of the incident radiative heat ﬂux
distribution provided by the bank of lamps, the convective los-
ses and the conductive heat ﬂux from the centre to the edge of
the wafer. Indeed, there are convection cells in the reactor
where nitrogen gas ﬂows due to temperature differences be-
tween the edge of the wafer, the hot quartz window, the cooled
reactor wall, the injection and the exhaust [39]. As the wafer
temperature is lower at its edge, the ﬂux emitted by the wafer is
greater at its centre. One part of the emitted radiations by the
edge of thewafer is reﬂected or absorbed by the reactor wall and
one part is reﬂected in direction of the underside of the quartz
window namely, in the area close to the reactor wall.
- Phase 3
The quartz windowabsorbs 80% of the radiations emitted by the
siliconwafer havingwavelengths beyond 2.6 mmand reﬂects the
rest. Since the received ﬂux at the centre of the quartz window is
more important than at its edge, the temperature window be-
comes even higher at its centre. The centre-to-edge temperature
difference of the quartz window is enhanced by the conductive
heat ﬂux towards its outer edge.
- Phase 4
The radiations absorbed by the quartz window are re-emitted
towards the wafer and the reactor wall (emissivity of 0.8). As
the temperature of the quartz window is higher at its centre, the
ﬂux emitted by the quartz window towards the centre of the
wafer is greater than the one at its edge. Thus, the temperature
difference between the centre and the edge of the wafer is even
further increased. The hot quartz window also emits towards
the reactor wall. Some rays are hence reﬂected in direction of
the wafer edge but the heat ﬂux is not sufﬁcient to balance the
losses at the wafer edge.
Fig. 5. Explanation of the shape of temperature proﬁles of the silicon substrate and of the quartz window in steady-state.
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5. Solution schemes
To achieve a uniform surface temperature at the surface of the
wafer, unbalanced heat ﬂuxes have to be compensated. Reasoning
on the heat transfer scheme, two propositions are formulated
hereafter.
5.1. Scheme 1
To prevent overheating of the quartz window, it would be
interesting to block the absorption on the underside of the quartz
window for radiations with wavelengths beyond 2.6 mm emitted by
the silicon wafer and to let radiations emitted by the tungsten
halogen lamps centred at around 1 mmwavelength, be transmitted.
A way must be found to reﬂect on the underside of the quartz
window the radiations emitted by the silicon wafer with wave-
lengths beyond 2.6 mm (Fig. 6a). The temperature gradients of the
quartz windowwould hence be reduced, which should give a more
homogeneous wafer temperature.
5.2. Scheme 2
It has been shown in phase 2 that the area of the quartz window
close to the reactor wall receives an important part of the radiations
emitted by the edge of thewafer, either directly or by a reﬂection on
the reactor wall. Radiations having wavelengths beyond 2.6 mm
incident on the quartz window are absorbed by 80%. The quartz
window emission is limited in this area because the temperature is
relatively low due to both the proximity of the cooled reactor wall
and the presence of a conductive ﬂux towards the outer edge of the
quartz window. It would then be interesting to reﬂect the radia-
tions with wavelengths beyond 2.6 mm as in Scheme 1 but only in
the region neighbouring the reactor wall and redirect the radiative
heat ﬂux towards the edge of the wafer to balance the losses
(Fig. 6b). Two paths are possible for the reﬂected rays (Fig. 7):
▪ emission of the wafer, reﬂection at the surface of the window
close to the reactor wall and reﬂection on the reactor wall and
way back to the edge of the wafer (path 1)
▪ emission of the wafer, reﬂection on the reactor wall and
reﬂection at the surface of the window close to the reactor wall
and way back to the edge of the wafer (path 2).
A priori, the reﬂected ﬂux arriving at the edge of the wafer
should be sufﬁcient to offset the losses. By reasoning on the
magnitude of radiative heat ﬂuxes (see diagrams of Fig. 8), both
propositions seem worth exploiting. Radiations from the lamps
with wavelengths below 2.6 mm are transmitted by the quartz
window (95% of transmission) and are incident on the wafer.
For the ﬁrst proposition (Fig. 8a), in the wavelength domain
beyond 2.6 mm, the ﬂux emitted and reﬂected by the wafer at its
centre is in the samemagnitude as the ﬂux reﬂected at the centre of
the window. In the same manner, the ﬂux emitted and reﬂected by
the wafer at its edge is in the same magnitude as the ﬂux reﬂected
in the part of the window closer to the reactor wall. However, the
emitted and reﬂected ﬂux by the wafer at the edge is inferior to the
one at its centre. Hence, the ﬂux reﬂected by the quartz window
surface closer to the reactor wall is inferior to the one reﬂected by
Fig. 6. First (a) and second (b) scheme to improve the temperature homogeneity of the wafer.
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the central surface of the quartz window. Therefore, the radiative
ﬂux received by the wafer should be more homogeneous as the
window temperature will be reduced namely in its centre.
For the second proposition (Fig. 8b), in the wavelength domain
beyond 2.6 mm, the emitted and reﬂected radiations by the wafer at
its centre are absorbed by the quartz window in its central area and
one part is re-emitted towards the wafer. The ﬂux emitted by the
wafer at its edge is reﬂected by the surface of the window close to
the reactor wall. The ﬂux reﬂected by the window close to the
reactor wall in direction of the edge of thewafer is expected to be in
the same order of the one emitted by the quartz window in its
central part, or even superior, to have a balance in the radiative
ﬂuxes for the wafer.
6. Implementation
The wanted radiative property for the lower surface of the
quartz window is given in Fig. 9. The reﬂectivity and the trans-
missivity are provided according to wavelength. The emitted and
reﬂected radiations having wavelengths beyond 2.6 mm by the
wafer will be reﬂected and the ones emitted by the tungsten
halogen lamps, centred at around 1 mm wavelength will be
Fig. 8. Reasoning on radiative heat ﬂux magnitudes.
Fig. 7. Reﬂection of emitted rays by the edge of the wafer.
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transmitted. The ﬁlter will be applied on the lower underside sur-
face of the quartz window (Fig. 10a) and on the underside area of
the quartz window close to the reactor wall which corresponds to a
ring (Fig. 10b).
7. Simulation results
The wanted radiative property (ﬁlter) is entered for the lower
surface property of the window in the two-dimensional model of
the AS-One 150. Calculations are performed for the steady-state
case for the same lamp wattages (10e30%).
7.1. Filter on the underside of the quartz window (solution 1)
The temperatures obtained at the centre of the window and at
the centre of the wafer are compared with and without the ﬁlter on
the underside surface of the quartz window (Fig. 11).
The temperature of the window is reduced by the presence of
the ﬁlter. However, the difference is in the order of 10%. This small
difference is due to the fact that the quartz window does not
transmit all the incident radiations from the lamps (transmissivity
of 95% for radiations centred at around 1 mm wavelength). As the
calculations are realized for the steady-state case, for an inﬁnite
assumed time, the quartz window had had enough time to store
heat, even though the window reﬂects radiations having wave-
lengths beyond 2.6 mm on its underside.
The ﬁlter enhances a decrease of the temperature of the win-
dow, but the temperature of the wafer becomes more elevated. The
increase of the wafer temperature is very signiﬁcant for powers
above 15% because the radiations having wavelengths beyond
2.6 mm emitted and reﬂected by the wafer, which are reﬂected by
the ﬁlter, are more important. The lamp power e wafer tempera-
ture correspondence is hence different from the one with a blank
quartz window [38]. To appreciate the effect of the ﬁlter on the
wafer temperature homogeneity, it is therefore more interesting to
represent the temperature difference between its centre and its
edge according to the temperature at its centre (Fig. 12). The tem-
perature difference between the centre and the edge of the wafer is
decreased by about 30 K for wafer temperatures below 1000 K and
by 20 K for wafer temperatures above. The reduction of the wafer
temperature differences with the ﬁlter is indeed veriﬁed.
7.2. Filter arranged in a ring on the underside of the quartz window
(solution 2)
In the second conﬁguration, the ﬁlter is applied as a ring close to
the reactor wall on the underside of the window. The rest of the
lower surface of the window, facing the wafer, has the radiative
properties of quartz. The wafer temperature proﬁles are confronted
in Fig. 13 for the window with and without the ring ﬁlter for three
heating powers: a low one (10%), an average one (20%) and a high
one (30%). The overall temperature of the wafer is also heightened
with the ring ﬁlter which returns one part of the radiations emitted
and reﬂected by the edge of the wafer towards the latter. The
temperature difference between the centre and the edge of the
wafer is reduced, namely for 20% lamp heating power, where the
temperature dispersion is inferior to 1%. As expected, the temper-
ature at the edge of thewafer is raised, so the reasoning is validated.
To appreciate better the effect of the ring ﬁlter, the temperature
variations obtained according to the lamp heating powers are
plotted in Fig. 14. The temperature difference between the centre
and the edge of the wafer is reduced. The temperature distribution
is the most homogeneous for medium powers (around 20%). For
low heating powers (10% and 15%), the improvement is not as good
because radiations emitted and reﬂected by the wafer with wave-
lengths beyond 2.6 mm are less important, which doesn't raise
enough the temperature at the edge of the wafer after reﬂection on
the ring ﬁlter. On the contrary, for high power (for example 30%),
the temperature at the edge of the wafer is too high because the
reﬂected radiations by the ring ﬁlter on the edge are too elevated.
The compromise is found for medium powers.
8. Discussion
The temperature difference between the centre and the edge of
the wafer according to the temperature at its centre is plotted in
Fig.15. The ring ﬁlter enables amore homogeneous temperature for
the wafer with medium and high powers contrary to the ﬁlter on
the entire underside surface of the window. For low powers, the
temperature is more homogeneous with the ﬁlter on the entire
underside surface because there is a better balance for the incident
ﬂuxes on the wafer. The application of a ﬁlter on the lower surface
of thewindowwould prevent the augmentation of the temperature
of the quartz window which could limit the deposition on the
lower surface of the window during rapid thermal chemical vapour
deposition processes (RTCVD). Such depositions on the quartz
window modify the signal received by the pyranometer which re-
sults in erroneous heating control.
For high lamp powers, a raised temperature at the edge of the
wafer is observed because the reﬂectivity of the ring ﬁlter for
wavelengths above 2.6 mm is too strong. This reﬂectivity has to be
adjusted according to the used process to acquire uniform wafer
temperature. Optimization with the lamp heating power has to be
preliminary performed.
Fig. 9. Required radiative property on the underside surface of the window (a) with its
eventual adjustment (b).
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Compared to the solutions to improve the wafer temperature
homogeneity quoted in the introductive part, the two proposed
solutions are simple to implement. Besides, they do not involve a
ﬂuid ﬂowing through a double window which absorbs one part
of the infrared radiations emitted by the lamps to cool down the
quartz window [13,50,51] or any arrangements in the chamber to
select the radiations [52]. These solutions are only a simple
modiﬁcation of the surface property of the underside of the
quartz window which can be realized by depositing thin-ﬁlm
layers on the underside surface of the quartz window with the
help of a mask to adjust the shape of the layer. Thin-ﬁlm layers
deposited on glass or quartz substrates allow to perform speciﬁc
functions according to the wavelength of the incident radiations
[53]. The function that we wish to have on the lower surface of
the window (Fig. 8) is the one of a low pass ﬁlter for trans-
missivity and a high pass one for the reﬂectivity with a cutoff at
2.6 mm wavelength. Transparent conductive oxides (TCO)
deposited on glass or quartz would be suitable because they have
properties similar to the ones of the wanted ﬁlter. They are
thermally and chemically stable which would permit to avoid
contamination in the reactor and they can be deposited on large
areas [54,55]. For example, oxide ﬁlms doped with ﬂuorine or tin
deposited on quartz substrates would have the required radiative
properties [56,57].
Fig. 10. The two conﬁgurations for the ﬁlter: entire surface (a) and ring conﬁguration with view from below (b).
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9. Conclusion
The heating of a silicon wafer by tungsten ﬁlament halogen
infrared lamps in a rapid thermal system is studied to explain the
distribution of the wafer temperature. For this purpose, radiative
transfers are simulated with the Monte Carlo method. The nu-
merical simulations performed for the steady-state case without
any optimization for different radiative properties of the substrate
allowed to appreciate the close relationship between the tem-
perature of the silicon wafer and the one of the quartz window. A
radiative heat exchange by absorption-emission and reﬂection of
radiations having wavelengths above 2.6 mm is highlighted and
analyzed with the spectral properties of participating surfaces. The
radiative ﬂuxes conditioning the shape of the wafer temperature
are identiﬁed and depicted in a four-phase scheme. From the
latter, a modiﬁcation of the surface property on the underside of
the quartz window was recommended. The aim is to reﬂect the
infrared radiations with wavelengths beyond 2.6 mm towards the
wafer to cool down the quartz window or to conﬁne in the area
close to the reactor wall the radiations in order to raise the tem-
perature at the edge of the wafer. Two conﬁgurations with the
Fig. 11. Temperature at the centre of the quartz window (a) and at the centre of the
substrate (b) according to the lamp heating power with and without the ﬁlter (solution
1) and at the centre of the substrate (b).
Fig. 12. Centre-to-edge temperature difference of the wafer according to its temper-
ature at the centre with and without ﬁlter on the underside surface of the quartz
window (solution 1).
Fig. 13. Comparison of temperature proﬁles with and without the ﬁlter in a ring un-
derside the quartz window (solution 2) for lamp heating power P of 10% (a), 20% (b)
and 30% (c).
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property were then studied by numerical simulations: one where
the ﬁlter is arranged over the entire underside surface of the
window and the other where it is arranged in a ring close to the
reactor wall. Calculation results show that both conﬁgurations
allow a better homogeneity of the wafer temperature. The ring
ﬁlter is optimal for medium and high lamp heating powers
whereas the ﬁlter placed over the entire underside face is more
suitable for low ones. The ring ﬁlter enables to uniform the tem-
perature of the silicon wafer with less than 1% dispersion. The use
of a ﬁlter applied on the entire lower surface also permits to limit
the overheating of the quartz window. For an experimental
implementation, the ﬁlter could be realized by depositing a
transparent conductive oxide coating (TCO: Transparent Con-
ducting Oxide) on the underside of the quartz window. The next
step is to carry out simulations for transient evolutions to adjust
the reﬂectivity of the ﬁlter according to various rapid thermal
processes. Further, the manufacturing of coated quartz windows
and wafer temperature measurements will have to be realized to
conﬁrm the promising simulation results.
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Nomenclature
A: patch area i, m2
e: speciﬁc internal energy, J
E: emissive power, W m2
E: total speciﬁc energy, J
f: external force vector per unit volume, N m3
k: absorption index
k: thermal conductivity, W m1 K1
M: exchange matrix
n: refractive index
n: complex refractive index
Ns: total number of patches
p: static pressure, Pa
P: probability density function
q: radiative heat ﬂux density, W m2
Q: radiative heat ﬂux, W
r: radial coordinate, m
R: cumulated distribution function
S: source term
T: temperature, K
Tj: mean temperature of patch j, K
v: velocity, m s1
z: longitudinal coordinate
Greek symbols
a: absorptivity
d: Kronecker symbol
ε: emissivity
q: angle,
q: angular coordinate,
q: reduced temperature
l: wavelength, m
r: density, kg m3
r: reﬂectivity
t: transmissivity
t: viscous stress tensor, Pa
Indices
e: energy
i,j: patch
qw: quartz window
r,q,z: cylindrical coordinates
s: substrate (wafer)
l: wavelength
Constant
s: StephaneBoltzmann constant, 5.669$108 W m2 K4
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